Abstract: Effect of adding titanium oxide nanoparticles (TiO 2 ) on structure, elastic moduli, Vickers hardness, internal friction, electrical resistivity and thermal properties of tin-antimony-lead and tin-aluminum bearing alloys have been investigated. 
Introduction
Bearings are used to prevent friction between parts during relative movement. In machinery they fall into two primary categories: anti-friction or rolling element bearings and hydrodynamic journal bearings. Today, the term Babbitt covers a collection of "white metal" alloys consisting generally of a tin or lead base accompanied by antimony and copper. Babbitt metal is used as the lining for bearing shells of cast iron, steel and bronze. Fry manufactures two basic types of babbitt, high-tin alloys and high-lead alloys. Both are relatively low melting materials consisting of hard compound in a soft matrix. Al-Sn alloys have a very long history (Forrester 1960 ) to be used as bearing materials [1] . These alloys provide a good combination of strength and surface properties [2] . The fatigue strength of cold worked and heat treated Al-20%Sn-1%Cu alloy having reticular structure is close to that of Cu-30%Pb alloy with higher seizure resistance [3] . Aluminium has a low modulus of elasticity and apart from indium, lead has the lowest modulus of elasticity of all the soft phases alloying with aluminium [4] . Al-Sn based alloys are widely used as sliding bearing materials in automobile and shipbuilding industry [5, 6] . HVOF spray process has been introduced by McCartney to prepare Al-Sn-Si bearing alloy coatings. Post heat treatment of the HVOF sprayed coating at 300 ºC proved the coarsening of tin and precipitate of Si in the coating [7, 8] . Based on the feasibility of preparing oxygen sensitive metal coatings, cold spray was also introduced to deposit Al-Sn binary alloy coatings [9] . Al-5Sn coating can be deposited by high pressure cold spray with nitrogen while Al-10Sn can only be deposited by low pressure cold spray with helium gas. Both Al-5Sn and Al-10Sn coatings present dense structures. The coarsening and/or migration of Sn phase in the coatings were observed when the annealing temperature exceeds 200 ºC. Furthermore, the microhardness of the coatings decreased significantly at the annealing temperature of 250 ºC [10] . Aluminum tin and leaded aluminium alloys slightly differ in mechanical properties. Frictional states created during sliding against steel shaft under oil lubrication were not much different. Leaded aluminium alloy bushes show marginally lower friction than the conventional ones [11] . Adding Cu/Pb to Sn-Sb alloy improve their elastic modulus, internal friction, hardness and thermal conductivity [12] . The friction coefficients of Sn-20.2%Sb-16.6%Pb-2.6%Cu are lower than that of Sn-7.2%Sb-0.4%Pb-3%Cu under all scratch test conditions [13] . Structure, hardness, mechanical and electrical transport properties of Sn 90-x Sb 10 Bi x (x = 0, or x ≥1) alloys have been studied and analyzed [14] . The effects of solidification rate and microadditions on mechanical properties and micromorphology of SnSb 10.4 alloy have been studied [15] . Creep behaviour, elastic modulus and internal friction of SnSb 10 Cu 2 X 2 (X=Pb, Ag, Se, Cd and Zn) alloys have been investigated also stress exponent values have been determined using Mulhearn-Tabor method [16] . The aim of this research was to investigate the effect of adding titanium oxide nanoparticles (TiO 2 ) on structure, elastic moduli, Vickers hardness, internal friction and thermal properties of tin-antimony-lead and tinaluminum bearing alloys.
Experimental work
Two groups of quaternary bearing alloys, tin-antimonylead-titanium oxide and tin-aluminum-titanium oxide, were used. These groups' alloys were molten in the muffle furnace using (high purity more than 99.95%) tin, antimony, lead, aluminum and titanium oxide. The resulting ingots were turned and re-melted several times to increase the homogeneity of the ingots. From these ingots, long ribbons of about 3-5 mm width and ~ 70 m thickness were prepared as the test samples by directing a stream of molten alloy onto the outer surface of rapidly revolving copper roller with surface velocity 31 m/s giving a cooling rate of 3.7 × 10 5 k/s. The samples then cut into convenient shape for the measurements using double knife cuter. Structure of used alloys was performed using an Shimadzu X-ray Diffractometer (Dx-30, Japan)of Cu-K radiation with =1.54056 Å at 45 kV and 35 mA and Ni-filter in the angular range 2 ranging from 0 to 100° in continuous mode with a scan speed 5 deg/min. Electrical resistivity of used alloys was measured by double bridge method. The melting endotherms of used alloys were obtained using a SDT Q600 V20.9 Build 20 instrument. A digital Vickers microhardness tester, (Model-FM-7-Japan), was used to measure Vickers hardness values of used alloys. Q -1 , the elastic modulus E and thermal diffusivity D th of used alloys were determined using the dynamic resonance method [17] [18] [19] .
Where  is the density of the sample under test, L is the length of the vibrated part of the sample, k is the radius of gyration of cross section perpendicular to its plane of motion, f 0 is the resonance frequency and z is the constant depends on the mode of vibration and is equal to 1.8751. f is the half width of the resonance curve.
Results and discussions
Effect of adding TiO 2 nanoparticles on structure of Sn-Sb-Pb alloy X-ray diffraction patterns of Sn 87-x Sb 10 Pb 3 (TiO 2 ) x (x=0.5, 1 and 1.5 wt. %) rapidly solidified alloys have lines corresponding to β-Sn, Pb/or Sb and SbSn intermetallic phases as shown in Figure 1 . X-ray analysis show that, adding TiO 2 to Sn 87 Sb 10 Pb 3 alloy caused a change in Sn matrix structure such as lattice parameters and formed crystal structure (crystallinity, crystal size and the orientation) as seen in Table 1 
Effect of adding TiO 2 nanoparticles on mechanical properties of Sn-Sb-Pb alloy
The elastic constants are directly related to atomic bonding and structure. Elastic modului of Sn 87-x Sb 10 Pb 3 (TiO 2 ) x alloys are listed in Table 2 . Elastic modulus of Sn 87 Sb 10 Pb 3 alloy increased after adding different ratio from TiO 2 nanoparticles. The Sn 85.5 Sb 10 Pb 3 (TiO 2 ) 1.5 alloy has highest elastic modulus. The hardness is the property of material, which gives it the ability to resist being permanently deformed when a load is applied. Vickers hardness of Sn 87-x Sb 10 Pb 3 (TiO 2 ) x alloys at 10 gram force and indentation time 5 sec are shown in Table 3 . The minimum shear stress ( m ) value of Sn 87-x Sb 10 Pb 3 (TiO 2 ) x alloys was calculated using the equation [9] , where is Poisson's ratio of the elements in the alloy and then listed in Table 3 . Crystalline defects serve as scattering center for conduction electrons in metals, so the increase in their number raises the imperfection.
Electrical resistivity and calculated thermal conductivities of Sn 87-x Sb 10 Pb 3 (TiO 2 ) x alloys are shown in Table 4 . Electrical resistivity of Sn 87 Sb 10 Pb 3 alloy varied after adding TiO 2 nanoparticles. That is because TiO 2 nanoparticles dissolved in the Sn matrix playing as scattering center for conduction electrons caused a change in matrix structure. Table 7 . The minimum shear stress ( m ) value of Sn 80-x Al 20 (TiO 2 ) x alloys was calculated then listed in Table 7 . Little variation occurred in Vickers hardness of Sn 80 Al 20 alloy after adding TiO 2 nanoparticles. 
